Abstract The phase compositions, microstructure and especially phase interfaces in the as-cast and heat-treated Nb-Ti-Si based ultrahigh temperature alloys have been investigated. It is shown that b(Nb,X) 5 Si 3 and g(Nb,X) 5 Si 3 are the primary phases in the Nb-22Ti-16Si-5Cr-5Al (S1) (at%) and Nb-20Ti-16Si-6Cr-4Al-5Hf-2B-0.06Y (S2) (at%) alloys, respectively. The Nb solid solution (Nbss) is the primary phase in Nb-22Ti-14Si-5Hf-3Al-1.5B-0.06Y (S3) (at%) alloy. An orientation relationship between Nbss and g(Nb,X) 5 Si 3 was determined to be (110) Nb //(1010) g and [111] Nb //[0001] g in the as-cast S2 and S3 alloys. Some original b(Nb,X) 5 Si 3 transformed into a(Nb,X) 5 Si 3 because Al and Cr diffused from the b(Nb,X) 5 Si 3 to Nbss during heat treatment at 1500 1C for 50 h in the S1 alloy. Meanwhile, Ti diffused from Nbss to b(Nb,X) 5 Si 3 , which induced aTi to generate near the interface between Nbss and Ti-rich b(Nb,X) 5 Si 3 . The orientation relationship between the newly-formed aTi and previous Nbss was (110) Nb //(1101) aTi and [001] Nb //(1231) aTi . Among the (Nb,X) 5 Si 3 phases, the contents of Cr and Al in b(Nb,X) 5 Si 3 are nearly the same as those in g(Nb,X) 5 Si 3 but obviously higher than those in the a(Nb,X) 5 Si 3 , whereas the content of Si in a(Nb,X) 5 Si 3 is nearly the same as that in g(Nb,X) 5 Si 3 but higher than that in the b(Nb,X) 5 Si 3 .
Introduction
Nb silicide-based composites have received worldwide attention for their potential applications as next-generation turbine blade materials with significantly higher operating temperature than current advanced Ni-base superalloys [1] [2] [3] . The microstructure of the in-situ composites consists of brittle intermetallic phases such as silicides and Laves phases in ductile Nb solid solution (Nbss) matrix depending on the alloy composition. The Nbss has substantial oxidation-resistant limitations, while silicides and Laves phase have low fracture toughness at room temperature and poor deformability at elevated temperatures [4] . Poor room-temperature fracture toughness and oxidation resistance are serious problems to the practical applications of the composite [5, 6] . However, the Nb silicide-based in-situ composites, alloyed with other elements such as Ti, Hf, Cr, Al, B, Zn and P, will be able to achieve a balance of high creep resistance, good oxidation resistance, and appropriate room-temperature fracture toughness, and therefore, have the potential to be employed at 1200-1450 1C [7] [8] [9] .
Relationships between microstructure and property of Nb silicide-based ultrahigh temperature alloys have been the subject of many scientific studies. The alloying elements have played an important role on microstructure transformation for the Nb-Si in-situ composites. However, the differences in such aspects as compositional distributions and inherent morphology among g, b and aNb 5 Si 3 have not been revealed clearly in the present literatures [10, 11] , as well as the interface between Nbss and Nb 5 Si 3 . Therefore, the effect of alloying elements on microstructure is studied by focusing on crystal structure of the 5-3 silicides along with the interface between Nbss and Nb 5 Si 3 .
Experimental procedures
Rather pure elements were used as the starting materials: 99.40% Nb and 99.99% Al ingots; 99.73% Ti sponges; 99.50% Hf filaments; 99.99% Si, 99.17% Cr and 99% Y crystals and 97% B particles. The nominal composition (all compositions are provided in atomic percent in the present article, unless otherwise stated) of the alloys investigated in this study, designated as S1, S2 and S3, are given in Table 1 . To fabricate a large ingot of 2500 g, S3 alloy was prepared by consumable arc melting under 99.9 wt% argon atmosphere. The other two alloy ingots (S1 and S2), each weighing about 250 g, were fabricated by non-consumable tungsten electrode arc melting under 99.99 wt% argon atmosphere. Each ingot was remelted at least three times to ensure compositional homogeneity. Even though great care had been taken, appreciable weight losses happened in these alloys. Therefore, the actual alloy compositions were measured by a mapping scan (2 Â 2 mm 2 ) of X-sight energy dispersive spectrometer (EDS) in a scanning electron microscopy (SEM). The light element B and microelement Y were not included in this measurement. The measured alloy compositions are also listed in Table 1 . Cubic samples with dimensions of 8 mm Â 8 mm Â 8 mm were cut from the center of button ingot by spark machining and then mechanically polished. The specimens were placed in a high vacuum heat treatment furnace and heat treated at 1500 1C for 50 h under high purity (99.99 wt%) argon atmosphere and then furnace cooled. Ti sponges were placed around the specimens in order to absorb any remained oxygen or other oxidizing gases.
The microstructure of both as-cast and heat-treated samples was characterized by means of a Panalytical X'pert Pro X-ray diffraction (XRD) analyzer and a Zeiss Supra-55 SEM with an Inca X-sight energy dispersive spectrometer (EDS). Thin foils for transmission electron microscopy (TEM) observation were prepared by a conventional method: the disks with a thickness of 0.5 mm were cut, mechanically polished down to 80 mm, dimpled to 10 mm, and finally ion milled. TEM and high resolution transmission electron microscopy (HRTEM) observations of these foils were performed on a Tecnai F30 G 2 with an Inca X-sight energy dispersive spectrometer (EDS).
Results
The XRD patterns of both as-cast and heat-treated specimens are shown in Fig. 1 . According to the XRD results, the main phases characterized in the as-cast specimens were Nbss and niobium silicides, including g(Nb,X) 5 Si 3 (D8 8 Mn 5 Si 3 -Prototype [12] ) and b(Nb,X) 5 Si 3 (D8 m W 5 Si 3 -Prototype [13] ). After heat treatment at 1500 1C for 50 h, the constituent phases were Nbss, b(Nb,X) 5 Si 3 , a(Nb,X) 5 Si 3 with a D8 1 Cr 5 B 3 -Prototype [10, 11] and aTi with an hP2 structure [14] in S1 alloy.
3.1. Microstructure of the as-cast and heat-treated Nb-22Ti-16Si-5Cr-5Al (at%) alloy (S1) Fig. 2(a) shows a back-scattered electron (BSE) image of the as-cast S1 alloy. The microstructure of the as-cast S1 alloy is composed of gray tetragonal blocks or dendrites and fine eutectic colonies. The gray tetragonal blocks or dendrites were obviously formed as a primary phase while the volume fraction of the fine eutectic colonies was about 85%. Based on the EDS results (Table 2 ), the ratio of (NbþTiþCr): (SiþAl) in the gray tetragonal blocks and dendrites was about 1.81, which is slightly larger than the ratio 5:3. Combined with the XRD patterns shown in Fig. 1 , it is concluded that the gray tetragonal blocks and dendrites were b(Nb,X) 5 Si 3 while the light gray matrix was Nbss ( Fig. 2(a) ). The eutectic colonies were composed of fine particles from no more than 1 mm to several micrometers in Nbss matrix as shown in the circle in Fig. 2(a) . From the TEM images in Fig. 2 Fig. 2(d) and (e), respectively. Therefore, the S1 alloy is classified as hypereutectic, with b(Nb,X) 5 Si 3 as the primary phase. The morphology of the microstructure was significantly changed after heat treatment at 1500 1C for 50 h. The tetragonal blocks and fine particles of b(Nb,X) 5 Si 3 originally dispersed in Nbss disappeared (Fig. 3(a) ). Instead, two different round blocks were found in the heat-treated S1 alloy, as shown in Fig. 3(a) . One type is gray blocks, while another type is dark gray. As shown in Table 2 , the contents of Ti, Cr and Al are much higher in the dark gray blocks than in the gray blocks, and meanwhile the contents of Nb and Si are obviously lower in the dark gray blocks. Combined with the XRD results ( Fig. 1) and SADP ( Fig. 3(c) ), it is concluded that the dark gray blocks are Ti-rich b(Nb,X) 5 Si 3 and the gray blocks are a(Nb,X) 5 Si 3 , which is similar to the results of Zelnitsas et al. [10] . Fig. 3(b) and (c) shows the TEM images of the boundary among different phases. A new particle with 90.99% Ti can be found between Nbss and b(Nb,X) 5 Si 3 ( Table 2 ). It was identified as aTi with an hP2 structure not only by XRD pattern (Fig. 1 ) but also by SADPs (Fig. 3(b) and (d) 3.2. Microstructure of the as-cast Nb-22Ti-14Si-5Hf-3Al-1.5B-0.06Y (at%) alloy (S2) Fig. 4(a) shows a BSE image of the as-cast S2 alloy. The microstructure of the as-cast S2 alloy is composed of non-faceted dendrites and lamellar and/or rod-like eutectic colonies. The dendrites were formed as a primary phase while the volume fraction of the eutectic colonies was about 95%. According to the EDS data (Table 3 ) and the XRD patterns (Fig. 1) , two phases were present in the as-cast microstructure of S2 alloy: Nbss and g(Nb,X) 5 Si 3 . Some Nbss has the morphology of dendrite while g(Nb,X) 5 Si 3 is more likely to appear in hexagonal blocks or laths with some cracks within them. The eutectic colonies are composed of Nbss and g(Nb,X) 5 Si 3 (Fig. 4(b) ). From Table 3 , it is concluded that Hf element is more likely to distribute in the g(Nb,X) 5 Si 3 . The higher contents of Ti and Hf are beneficial to form hexagonal niobium silicides which are prone to formation of crack within them. The g(Nb,X) 5 Si 3 phase, treated as an impurity phase, is not marked in the Nb-Si phase diagram and its formation mechanism is not clear at present [12] . Fig. 5(a) shows a TEM image of the microstructure of as-cast specimen of S2 alloy. The Nbss is tightly adherent to g(Nb,X) 5 Si 3 with some cracks within it. Fig. 5(b) and (c) shows the HRTEM images of the Nbss/g(Nb,X) 5 Si 3 interface and two different areas along the crack in the g(Nb,X) 5 Si 3 in the circle in Fig. 5(a) , respectively. It can be seen that the orientation relationship between Nbss and lath-like g(Nb,X) 5 The two parts of the g(Nb,X) 5 Si 3 have the same atom arrangement observed along [0001] g (Fig. 5(c) ) which proves that the crack did not form during solidification but formed after the solidification process. Being with higher Ti and Hf contents, the silicides are more likely to appear as g(Nb,X) 5 Si 3 with the same structure as hexagonal Ti 5 Si 3 or Hf 5 Si 3 . Furthermore, larger differences in the thermal expansion coefficients exist between g(Nb,X) 5 Si 3 and Nbss [15] , so a higher thermal stress would exert around big g(Nb,X) 5 Si 3 laths. Thus, the inherent brittleness of g(Nb,X) 5 Si 3 and the thermal stress lead to the formation of cracks within big g(Nb,X) 5 Si 3 laths. 6(a) shows a BSE image of the as-cast S3 alloy. The microstructure of the as-cast S3 alloy is composed of primary hexagonal blocks or laths and lamellar or rod-like eutectic colonies. The hexagonal blocks and laths were formed as the primary phase while the volume fraction of the eutectic colonies was about 80%. According to the EDS data (Table 4 ) and the XRD patterns (Fig. 1) , two phases, Nbss and g(Nb,X) 5 Si 3 , were present in the as-cast microstructure of S3 alloy. The g(Nb,X) 5 Si 3 block that is the primary phase, has the regular hexagonal morphology in the transverse section while has the lath-like morphology in the longitudinal section, as shown in Fig. 6(a) , indicating that the g(Nb,X) 5 Si 3 has the hexagonal cylinder morphology in the space. Therefore, it is assumed to be the [0001] g direction, as shown in Fig. 6(b) , the most closest packing direction of the close-packed hexagonal structure, is the preferred growth orientation of the g(Nb,X) 5 Si 3 in this alloy. The results suggest that there exists an orientation relationship between the g(Nb,X) 5 Si 3 and Nbss along the long side of the lathing g(Nb,X) 5 Si 3 , as shown in Fig. 6(c) , which is the same as the orientation relationship between Nbss and g(Nb,X) 5 Si 3 in the S2 alloy. According to the SADP in Fig. 6(d) , the orientation relationship is ð110Þ Nb ==ð1010Þ g and ½111 Nb ==½0001 g .
Discussion
The as-cast S1 and S3 alloys are classified as hypereutectic alloys with primary b(Nb,X) 5 Si 3 and g(Nb,X) 5 Si 3 in Fig. 2(a) and Fig. 6(a) , respectively. While the S2 alloy is classified as hypoeutectic and is composed of primary Nbss and g(Nb,X) 5 Si 3 / Nbss eutectic colonies (Fig. 4(a) ). In the heat-treated S1 alloy, some previous primary b(Nb,X) 5 Si 3 transformed into a(Nb,X) 5 Si 3 . Considering the composition of different (Nb,X) 5 Si 3 in these alloys, the contents of Cr and Al in b(Nb,X) 5 Si 3 were nearly the same as those in the g(Nb,X) 5 Si 3 , while they were higher than those in the a(Nb,X) 5 Si 3 ; whereas the content of Si in a(Nb,X) 5 Si 3 was nearly the same as that in g(Nb,X) 5 Si 3 , but it was higher than that in the b(Nb,X) 5 Si 3 as illustrated in Tables 2-4 . It is also found that Hf concentration in g(Nb,X) 5 Si 3 is much higher than that in Nbss in the as-cast S2 and S3 alloys. The element Hf segregated to the g(Nb,X) 5 Si 3 and therefore the content of Nb decreased, which should be the result of the Hf substitution for Nb in the g(Nb,X) 5 Si 3 [16] . According to the results of Qu et al. [12] and Geng et al. [16] , Hf has the effect of stabilizing the gNb 5 Si 3 phase, and the g(Nb,X) 5 Si 3 is more likely to form in the Hf-rich regions.
The b(Nb,X) 5 Si 3 is a typical faceted phase and it should appear as block morphology, but some primary b(Nb,X) 5 Si 3 appeared as dendrites morphology in the as-cast S1 alloy, which is mainly due to the solidification rate [17] . Increasing the solidification rate, the aeolotropies of the faceted phase decreased, and the growth of the faceted b(Nb,X) 5 Si 3 changed to continuous growth from constringe growth. Therefore, the b(Nb,X) 5 Si 3 generated the faceted dendrites morphology.
After heat treatment at 1500 1C for 50 h, the previous primary b(Nb,X) 5 Si 3 dendrites disappeared and the previous big tetragonal blocks converted into small size particles and blocks with blunted and round interfaces in the S1 alloy. Furthermore, the fine particles and small tetragonal of blocks dispersed in Nbss matrix in the as-cast S1 alloy agglomerated bigger particles and blocks with blunted and round interfaces. In the heat treated specimen, Ti, Cr and Al concentrations in a(Nb,X) 5 Si 3 were lower than in the Ti-rich b(Nb,X) 5 Si 3 where nearly the same Al and Cr concentrations existed as in b(Nb,X) 5 Si 3 in the as-cast specimen (Table 2) . But the Al and Cr concentrations in Nbss were higher after the heat treatment. Thus, it is concluded that Al and Cr diffused from previous b(Nb,X) 5 Si 3 to Nbss, and Ti diffused from previous Nbss to (Nb,X) 5 Si 3 and resulted in the formation of Ti-rich b(Nb,X) 5 Si 3 . During the heat treatment, Ti in Nbss came to segregate at the interface between Nbss and previous b(Nb,X) 5 Si 3 and aTi formed, so the aTi particle has an orientation relationship with Nbss as ð110Þ Nb ==ð1101Þ aTi and ½001 Nb ==½123 1 aTi . The content of Ti in a(Nb,X) 5 Si 3 in the heat treated specimen is nearly the same as that in the previous b(Nb,X) 5 Si 3 in the as-cast specimen. Thus, the Ti-rich b(Nb,X) 5 Si 3 was mainly generated by diffusion of the Ti from the aTi. When the contents of Al and Cr reduced to some extent, the structure of (Nb,X) 5 Si 3 changed, and a(Nb,X) 5 Si 3 was generated. At the same time, Ti diffused from Nbss to b(Nb,X) 5 Si 3 , and aTi and Ti-rich b(Nb,X) 5 Si 3 were generated near the interface.
Conclusions
The microstructural evolution of Nb-Ti-Si based ultrahigh temperature alloys by alloying and high-temperature heat treatment was studied, and the following conclusions were drawn:
1. The S1 and S3 alloys are classified as hypereutectic alloys with primary b(Nb,X) 5 Si 3 and g(Nb,X) 5 Si 3 , respectively. The S2 alloy is classified as hypoeutectic alloy and is composed of primary Nbss and g(Nb,X) 5 Si 3 /Nbss eutectic colonies. 2. Among the (Nb,X) 5 Si 3 in the as-cast and heat-treated alloys, the contents of Cr and Al in b(Nb,X) 5 Si 3 are nearly the same as those in g(Nb,X) 5 Si 3 but obviously higher than those in the a(Nb,X) 5 Si 3 , whereas the content of Si in a(Nb,X) 5 Si 3 is nearly the same as that in g(Nb,X) 5 Si 3 but higher than that in the b(Nb,X) 5 Si 3 . 3. The g(Nb,X) 5 Si 3 is more likely to appear as hexagonal blocks or laths with some cracks within them and there existed an orientation relationship between Nbss and lathlike g(Nb,X) 5 Si 3 as ð110Þ Nb ==ð1010Þ g and ½111 Nb ==½0001 g . 4. After heat-treatment at 1500 1C for 50 h, some previous b(Nb,X) 5 Si 3 changed to a(Nb,X) 5 Si 3 because Al and Cr diffused from previous b(Nb,X) 5 Si 3 to Nbss in the S1 alloy. During heat treatment, Ti diffused from Nbss to b(Nb,X) 5 Si 3 and aTi and Ti-rich b(Nb,X) 5 Si 3 were generated near the interface. The aTi has an orientation relationship with Nbss as ð110Þ Nb ==ð1101Þ aTi and ½001 Nb ==½123 1 aTi .
